Abstract : Electronmicroscopic morphometry was performed on lung of 1, 3, 12 and 21 months-old rats exposed to 0.1, 0.5, 3 and 10 ppm nitrogen dioxide (NO2) continuously for one month. The rats used in this experiment were all supplied at one time from one colony and kept uder a barrier system until exposure.
continuously for one month. The rats used in this experiment were all supplied at one time from one colony and kept uder a barrier system until exposure. There are a number of reports including a series of works by Freeman and his colleagues concerning the morphological effects of the lungs to relatively low concentrations of NO2 of one month or longer duration1-6. The common fundamental lesions in these studies are recognized mainly at both the air-ways and bronchiopulmonary junction. They include: 1) uneven arrangement, shortening or loss of cilia in ciliated epithelium, hypertrophy, hyperplasia and hypersecretion of nonciliated epithelium, 2) fibrous thickening of connective tissue at the terminal end of air tracts, and 3) damage and desquamation of type I epithelial cells and subsequent proliferative response of type II epithelial cells.
On the other hand, except for slight enlargement of air spaces little change has been reported in the more peripheral region of the alveoli3,7). However, it is sometimes very difficult to distinguish relatively weak morphological alterations appearing in the alveolar wall by lightmicroscopic observation.
Slight hypertrophy or atrophy of cells, microedema of interstitium and mild fibrosis recognized only by electronmicroscope are sometimes evaluated differently by different observers, and more objective, quantitative treatment of the materials is needed.
Age-related differences in sensitivity to NO2 have been noted recently8,9). It has been reported that lung impairment in neonatal mice and rats are slight while sensitivity increases in young adult animals10) and the onset of cell repair is slower in older rats11,12). However, little is known about the relationship between the age of animals and effects on the lung of lower concentrations of NO2 (<1 ppm) and NO2 at ambient air pollution levels. This work was done correlating biochemical examinations on the animal groups exposed to NO2 performed at the same time, and the results were presented at an air pollution conference in 1980.
The results of the biochemical examinations will be published in Industrial Health.
MATERIALS AND METHOD 1 Experimental conditions
Animals: Female rats of JCL-SD strain (SPE) were supplied 3 weeks after birth and maintained under a strict barrier-system until start of NO2 exposure. The age of animals at onset of NO2 exposure were 1, 3, 12 and 21 months. Thirty-five animals 1 to 12 months old were divided into five groups and exposed to 4 concentration levels of NO2. One group served as box-control.
Five animals selected randomly from the 7 rats of each group were used for biochemical analysis and the remaining 2 were used for morphometric evaluation.
In the 21 month-old groups, 3 rats exposed to each dose level were used for morphological observation. The thorax was opened under deep anesthesia with Na-pentobarbital. The trachea and the lower lobe of the right lung were ligated at the hilar region. Isotonic glutaraldhyde fixative (1.5% glutaraldehyde in 0.088 M cacodylate buffer at pH 7.4 with 1.5% dextran, osmolarity 330 mOsm) was dropped from a height of 25 cm and was instilled through a needle inserted in the trachea in situ, and at the same time depletion was done by cutting off the peritoneal artery. Within 2 min, the lung was filled with the fixative and fully re-enlarged inside the opened thorax. At this time the inserted needle was withdrawn and then 1 ml or more of the fixative was bubbled due to elasticity so that the lung was fixed at circa 50% volume level of total lung capacity. Alveoli adjacent to the ends of the terminal bronchioles and to the small blood vessels were excluded from the counts, and alveoli at the more pripheral regions were subjected to measurement. All the values of exposed groups at 0.1 and 0.5 ppm levels were higher than those of the controls of the same age, but no statistical significance was found except at the 0.1 ppm level of the 3-M-old group.
Significant increase of AMT started from the 3 ppm level except in the 12-M-old groups and a highly significant increase was seen in all the exposed groups at 10 ppm. The increase rate of AMT of the exposed groups compared to the control values was higher in the younger age groups and lowest in the 12-M-old groups but increased once again in the 21-M-old groups.
The results indicate that age probably has a close relationship to susceptibility to NO2 in rats. and capillary lumen (Sa) were first considered as the factors related to changes of AMT value. AMT is defined as the mean thickness of alveolar wall tissue between the surfaces of the alveolar lumen and the capillary lumen. Thus increase of VdAWT and/or decrease of Sa will result in increase of AMT value. dose. Some increased while others decreased with dose. The changes of VdAWT were the result of the sum of these componental changes.
In the 1-M-and 21-M-old groups, the reaction patterns of the VdAWT shown by the black bars were similar, as seen in Fig. 2 , while the changes of the compartmental components were not. In 1-M-old groups, the contribution of interstitial (cell + matrix) component to the increase in total VdAWT was large at OF NO2 EXPOSED RAT LUNG. 81 the 0.5 ppm level. At 3 and 10 ppm, however, epithelial components contributed as well as the interstitium.
On the other hand, in the 21-M-old group at the 0.1 ppm level, the increase o f the volume density of the epithelium and interstitial cells seemed to counterbalance the decrease of the volume density of the endothelium and interstitial matrix. Accordingly, no difference as a whole (black bar) was detected at this level but the absolute value of change shown by the white bar was almost the same as the 0.5 ppm level where the difference was significant. Increase of total In the multiphasic reaction pattern of the 3-M-old groups, the increase of the interstitial components contributed to significant increase of VdAWT even at 0.1 ppm, and the decrease in type I cell density resulted in the decrease of VdAWT at 0.5 ppm (t-test). Figures 3a, 3b and 3c . All the values are expressed as percentage of exposed groups to controls of the same age. All principal data are shown in Table 2 . Figure 3a shows that the total volume density of type I cells increases in the 1-M-and 21-M-old exposed groups while it decreases in the 3 and 12-M-old groups. The number of type I cells showed a trend to decrease at lower concentrations and increase at NO2 levels higher than 3 ppm in 1 and 3-M-old rats. In the 12-M-old groups number of cells decreased only at 3 ppm and in the 21-M-old groups, increase at 0.5 and 10 ppm levels was seen (Fig. 3b) .
Volume density per cell of type I cells, as shown in Figure 3c , generally indicated only small changes in the exposed groups, except the 0.5 ppm group of 1-M-old rats which showed cell hypertrophy.
The cell size of all age groups at the 10 ppm level was small; in 3-M-old rats, particularly, the volume density per cell at 3 and 10 ppm of NO2 was reduced to about half the control volume. (2) Numerical ratio of type II cells to type I cells The numerical ratios of type II/type I cells are shown in Figure 5 . The ratio of the controls was approximately 1.0 in all age groups. The exposed groups in which ratio of type II/type I was larger than 20% compared to the control were the 0.5 ppm 1-M-old group, 0.1 and 0.5 ppm 3-M-old groups, 0. In 3-M-old rats the number of interstitial cells remained constant in all the exposed groups, and the increase in total volume density was presumed to be due to cell hypertrophy.
(4) The interstitial matrix component (non-cellular component)
The change in volume density of the interstitial matrix compared to the control Fig. 7b . Compared to the value of 1-M-old control rats, all the values of the older control groups were significantly high (p<0.001, t-test).
The control values for the 3 and 12-M-old groups were about 1.6 times larger than that of 1-M-old rats, and that of the 21-M-old rats The ratio of interstitial matrix to the total volume density of interstitium was elevated in the groups over 3 M (Fig. 7c) . Increase in the total volume density of interstitium was recognized at NO2 levels over 3 ppm irrespective of animal age. The volume density of both interstitial cell and matrix of 3-M-old rats at 0.1 ppm showed significant increase (t-test).
(5) The capillary endothelium
The data for the capillary endothelium are shown in Figures  8a, 8b and 8c.
The capillary endothelium showed slight responses to NO2 according to the volumic or numerical indexes used here, but they were not dependent on NO2 dose or age.
Slight hypertrophy of the endothelium was seen in 1-M-old rats exposed to 0.5 ppm. Diminution of cell size was noted in rats older than 3-M at NO2 levels higher than 3 ppm, and it was marked in the 21-M groups where diminution was recognized even at the low concentration of 0.1 ppm.
DISCUSSION
Changes in cell population and volume density of the alveolar components have been described as lung responses to inhalation of hazardous gases such as NO2 and O320-24). In order to compare the results of inhalation experiments performed by various investigators, common substratum data on the normal cell population of rat lung are required as well as a common fixative procedure (fundamental to morphometric estimation).
Recently quantitative data on cell population of normal rat lung were reported by Crapo et al. 21 ) and Haies and coworkers25). Because the procedure for tissue preparation in the present study is comparable to that of Crapo, the number of cells and the volume density of the lung cell components of normal rats from 4 to 22 M are shown in Table 3 as relative flercentage to the total. touether with the data of Crapo et al.21) .
The relative percentages of the number of cells with visible nuclei which express the normal cell ecology of rat lung at the respective ages agreed well with each other. The relative percentages of the number of nuclei/unit area (Na) of lung cells of the control rats of 4 M in this paper agreed well with the data of 3-M-old rats cited from Crapo. The relative volume density of our study and that of Crapo's also showed fairly good accordance although the volume density of interstitial matrix of the controls was slightly lower. The interstitial matrix of the 21-M control groups increased more than twice that of the 1-M-old controls, causing decrease in the relative ratio of the other components of the lung.
It has been reported that the osmorality of both glutataldehyde and buffer solution in the first fixative strong)/ affect cell dimensions. For morphometry of the lung, therefore, the procedure for the first fixation should be carried out very carefully26). According to the fixation method applied in this study no change No attempt was made in the present experiment to detect the effects of elevation of AMT by physiological respiration methods. However, persistent tachypnea was observed in rats3) under continuous exposure to 0.8 or 2 ppm NO2 for long periods. Regarding the changes of blood gas content after NO2 exposure, lowering of arterial blood oxygen tension (PaO2) under relatively high concentrations of NO2 for long periods has been reported30,31). It was recognized by the present experiment that the increase of AMT as a whole effect of continuous exposure to NO2 for one month and compartmental difference of alveolar wall corresponded to age at exposure onset. If the concentration of NO2 is high enough to induce clear injury to the alveolar epithelium, cell division of type II epithelium will take place as the result of necrosis and desquamation of type I cells. It is recognized that the divided cells are cuboidal in shape, resistant to NO2, and transformed into the more squamous type I cell within a few days, thus completing the repair of the epithelial system5,22,33). In the course of cellular repair of type I cells by cell division of type II cells, the differences in cell size and surface area covered by one of these two cell types should be noted. Type I epithelium has the largest surface area among the lung cell types, and the luminal surface it covers is 5721) to 7325) times larger than that of type II epithelium. The volume density of the type I cells is estimated to be 3 to 5 times (present study), 2.5 times25) or 6.4 times21) larger than that of the type II cells. These facts imply that a young renewal cell transformed from a type II into a type I cell has smaller volume density and surface area than the lost original type I cell. In fact, Cabral-Anderson et al. observed increase of cellularity under heavy epithelial injuryn). If resistance to NO2 decreases gradually with cell differentiation of the renewal epithelium, then after the peak period of cleavage under relatively higher concentration of NO2 the resistance will be maintained with less frequent cleavage corresponding to the speed of differentiation of the renewal epithelium. If this is the case, then the fact that in Evans' study the mitotic indexes did not return to control level under continuous inhalation can be well understood. The above is supported by the present study in which the presence of an excess number of type I epithelial cells and the decrease of volume density per cell were confirmed in all age groups of rats at the 10 ppm level (Fig. 3) . It has been reported that the effects of NO2 on the other cell populations of alveolar wall are not always as clear as they are in the epithelium.
Evans et al. that in rats exposed to 25 ppm NO2 for 6 h/day for 5 consecutive days the number of type II epithelial cells, interstitial cells and alveolar macrophages increased significantly21). In the present study, the number of interstitial cells increased markedly by NO2 exposure in the 1 and 21-M-old groups and it was about 1.5 times as high at the 10 ppm level with accompanying reduction of volume density per cell. Exposed groups of 3-M-old rats showed cell hyperplasia without any changes in the number of cells. These observations suggest that the interstitial cells also undergo a slight degree of cell proliferation after NO2 exposure, and that the reaction is more active particularly in young and aged rats. One of the reasons for the fact that the magnitude of reaction does not always correspond to NO, dose may be due to the heterogeneous cell population of the interstitial cells. tatively for the first time in this study (Fig. 7b) . The same type of change in normal rats related to aging has been reported on the basement membrane of the renal tubules, where the thickness of the membrane of 14-M-old rats was measured as being twice as that of 4-M-old rats35). It was shown clearly in the present study that increase of interstitial matrix occurred in the case of NO2 dose higher than 0.5 ppm in 1-M-old rats and that the increment was also high. On the contrary, little change was noted in the other age groups except at the 0.1 ppm level in 3-M-old groups and at the 10 ppm level in 12-M-old groups which showed fairly large increases.
As indicated in Figure  7c, Both Yuen20) and. Crapo et al.21) have reported increase in the number of the type II cells by cell differentiation under electronmicroscope. Their data are based on the count of alveolar wall tissue excluding alveolar macrophages in the lumen and nucleated cells in the capillary. It is widely accepted that proliferative changes develop at the broncho-pulmonary junction in continuous exposure to a relatively low concentration of NO2. However, detailed information on the larger area of the peripheral alveoles was insufficient and only slight enlargement or varying size of alveoles was noted2,3).
